Heat shock proteins participate in the initiation of DNA replication of different organisms by facilitating the assembly of initiation complexes. We have examined the effects of human heat shock proteins (Hsp40 and Hsp70) on the interaction of the herpes simplex virus type-1 initiator protein (UL9) with oriS, one of the viral origins of replication. Hsp40 and Hsp70 act substoichiometrically to increase the affinity of UL9 for oriS. The major contributor to this effect is Hsp40. Heat shock proteins also stimulate the ATPase activity of UL9 with oriS and increase opening of the origin. In contrast, heat shock proteins have no effect on the origin-independent activities of UL9 suggesting that their role is not merely in refolding denatured protein. These observations are consistent with a role for heat shock proteins in activating UL9 to efficiently initiate viral origin-dependent DNA replication. The action of heat shock proteins in this capacity is analogous to their role in activating the initiator proteins of other organisms.
Heat shock proteins participate in the initiation of DNA replication of different organisms by facilitating the assembly of initiation complexes. We have examined the effects of human heat shock proteins (Hsp40 and Hsp70) on the interaction of the herpes simplex virus type-1 initiator protein (UL9) with oriS, one of the viral origins of replication. Hsp40 and Hsp70 act substoichiometrically to increase the affinity of UL9 for oriS. The major contributor to this effect is Hsp40. Heat shock proteins also stimulate the ATPase activity of UL9 with oriS and increase opening of the origin. In contrast, heat shock proteins have no effect on the origin-independent activities of UL9 suggesting that their role is not merely in refolding denatured protein. These observations are consistent with a role for heat shock proteins in activating UL9 to efficiently initiate viral origin-dependent DNA replication. The action of heat shock proteins in this capacity is analogous to their role in activating the initiator proteins of other organisms.
Herpes simplex virus type-1 (HSV-1) 1 is a large doublestranded DNA virus with a genome of ϳ152 kbp. HSV-1 encodes its own complement of DNA replication enzymes that promotes replication from discrete viral origins. It therefore provides a eukaryotic-based system in which to study the mechanism of origin unwinding. The virus-encoded proteins required for origin-dependent replication are: a heterodimeric DNA polymerase (UL30 and UL42), a heterotrimeric DNA helicase-primase (UL5, UL8, and UL52), a single strand DNAbinding protein, referred to as ICP8 (Infected Cell Polypeptide 8) (UL29), and an initiator protein (UL9) that specifically recognizes elements within the origins and possesses ATPase and helicase activities (for reviews, see Refs. 1 and 2). UL9 is a homodimer of ϳ94-kDa protomers both in solution and when bound to its recognition sequence (3) (4) (5) (6) (7) . Dimerization is not necessary for origin binding since the ϳ37-kDa C-terminal domain of UL9, which exists as a monomer, retains activity (8, 9) .
The HSV-1 genome contains three redundant and highly homologous origins, two copies of oriS, located within the "c" repeats flanking the unique small segment of the genome, and one copy of oriL, located in the middle of the unique long segment of the genome. The origins are small (Ͻ100 bp) palindromic sequences that consist of a central A/T-rich region flanked by UL9-binding sites (5Ј-CGTTCGCACT) (for reviews, see Refs. 1 and 2).
Several lines of evidence suggest that unwinding of oriS proceeds as follows. UL9 binds first to the high affinity recognition site, box I, followed by cooperative binding to the lower affinity site, box II (8, 10) . Protein-protein interactions between oriS-bound UL9 lead to bending of the origin and opening of the A/T-rich region (5, 8, 11, 12) . Finally, UL9 uses ATP to fuel its helicase activity to extrude single-stranded template from the base of the UL9 complex (5) . It should also be noted that ICP8 is an essential cofactor in this process (13, 14) . Here we hypothesize that host chaperones also play an important role in this process by modulating the oligomerization state of UL9 with possible implications on binding affinity and protein-protein interactions that lead to origin opening.
Molecular chaperones have been classified into several families among which heat shock protein 70 (Hsp70) and heat shock protein 40 (Hsp40) are involved in several fundamental cellular processes such as protein folding, translocation across membranes, and assembly and disassembly of protein complexes. Hsp70 is a weak ATPase whose activity is increased upon interaction with short peptides of 8 -9 residues (15). The Hsp40 family of proteins acts as co-chaperones of Hsp70, stimulating the intrinsic and peptide-dependent ATPase activities of Hsp70 via a conserved protein interaction domain (J-domain) (15) , but also exhibits independent activities (for review, see Ref. 16 ).
Studies on the involvement of chaperones in DNA replication have revealed that they can activate certain initiator proteins and influence the DNA binding activity of many proteins (for reviews, see Refs. 17 and 18). Escherichia coli DnaK and DnaJ are homologs of eukaryotic Hsp70 and Hsp40, respectively. Both DnaK and DnaJ play important roles in the initiation of chromosomal replication from oriC and are essential for originspecific initiation of replication of bacteriophage and plasmid P1 (19 -21) . The recent identification of an interaction between Hsp70 and Saccharomyces cerevisiae Orc4p suggests that regulation of eukaryotic initiator proteins may also require molecular chaperones (22) .
Induction of heat shock proteins (HSPs) during the replication of several viruses such as adenovirus and cytomegalovirus suggests that molecular chaperones function in viral replication (23) . Interactions between the human papillomavirus-11 (HPV-11) initiator protein (E1 helicase) and cellular chaper-ones occur through the J-domain of Hsp40 and stimulate formation of E1 double hexamers at the origin as well as viral replication in vitro (24) . Further evidence for the role of chaperones in the initiation of viral replication is provided by the observation that simian virus 40 (SV40) large T antigen contains a functional J-domain that is required for efficient replication (25) .
The heat shock response has also been implicated in herpes simplex virus replication. Thus, infection of rodent cells with HSV-1 and HSV-2 elevates Hsp70 mRNA levels within 4 h postinfection (26) . Moreover, heat shock induces reactivation of latent HSV-1 in cultured cells (27, 28) . It has been proposed that HSV-1 immediate early proteins ICP4, ICP0, and ICP27 are involved in Hsp70 induction (29) . More recently, DNA microarray technology has been used to show the accumulation of transcripts for the stress-response protein GADD45 in HSV-1-infected human cells (30) .
Little is known about the consequences of induction of HSPs during HSV-1 infection. In the present work, we describe novel interactions between the HSV-1 initiator protein, UL9, and two major inducible products of the heat shock response, Hsp70 and Hsp40. These studies may help to understand the mechanisms by which replication initiates at an HSV-1 origin and of viral reactivation and have bearing on the initiation of replication in other systems.
EXPERIMENTAL PROCEDURES
Materials-ATP (disodium salt) and [␣- Exonuclease-deficient Klenow fragment of E. coli DNA polymerase I and Sequenase Version 2.0 DNA polymerase were obtained from New England Biolabs and USB Corp., respectively. Bovine serum albumin (BSA) was obtained from Bio-Rad. UL9, His⌬UL9, and ICP8 were purified as described previously (31, 32) . Protein concentrations, expressed in moles of monomeric protein, were determined using theoretical extinction coefficients of 43,626 (BSA), 89,220 (UL9), 38,250 (His⌬UL9), and 82,720 (ICP8) M Ϫ1 cm Ϫ1 at 280 nm calculated from their predicted amino acid sequences (33) . Recombinant human Hsp40 and Hsp70 produced in E. coli were purchased from StressGen Biotechnologies Corp. E. coli HSPs DnaJ, DnaK, and GrpE were obtained from Epicentre Technologies. The concentrations of Hsp40/DnaJ and GrpE are expressed as moles of dimeric protein (34, 35) , while those of Hsp70/DnaK are expressed as moles of monomeric protein (17) . Their concentrations were determined by the dye binding method of Bradford (36) .
M13 mp18 single-stranded DNA (ssDNA) was obtained from New England Biolabs. oriS-containing pGEM822 was as described previously (31) . Oligodeoxyribonucleotides PB-9 (22-mer, 5Ј-ACTCTAGAG-GATCCCCGGGTAC), PB-12 (80-mer, 5Ј-AATTCAAAAGAAGTGAGA-ACGCGAAGCGTTCGCACTTCGTCCCAATATATATATATTATTAGG-GCGAAGTGCGAGCACTG), and PB-21 (20-mer, 5Ј-CCGGGCCTTTAT-GTGCGCCG) were obtained from Operon Technologies. (dT) 60 was as described previously (37) . oriS* DNA was formed by heating PB-12 in 10 mM Tris-HCl, pH 7.4, 1 mM EDTA, and 0.1 M NaCl to 95°C followed by gradual cooling to Ͼ30°C (38) . The DNA helicase substrate was generated by annealing PB-9 to M13 mp18 ssDNA. PB-21 is complementary to positions 686 -705 of HSV-1 oriS (39). The oriS-containing probe for the electrophoretic mobility shift assay (EMSA) was a 176-bp EcoRI restriction fragment derived from pCG5 (40) . The probe was 3Ј-end-labeled with exonuclease-deficient Klenow fragment of E. coli DNA polymerase I, [␣-32 P]dATP, and unlabeled dTTP. The concentration of the probe was determined by densitometry using the Alpha Innotech AlphaImager 2000 imaging system and a known amount of the same DNA as a standard.
Electrophoretic Mobility Shift Assay-UL9-DNA complexes were formed in 10 l containing 20 mM EPPS-NaOH, pH 8.3, 2.5 mM dithiothreitol, 3 mM MgCl 2 , 2.5 mM ATP, 10% glycerol, and 50 mM NaCl. The binding reactions were performed for 15 min at 37°C with 100 fmol of oriS DNA. For experiments containing HSPs, the indicated amounts of HSPs and UL9 were incubated for 5 min at 37°C prior to the addition of DNA. Reactions were mixed with 3 l of 80% glycerol containing 0.25% bromphenol blue and resolved by 1% agarose-Tris-acetate-EDTA gel electrophoresis at 4°C and 5 V/cm. Following electrophoresis, the gels were dried onto DE81 paper (Whatman). The reaction products were analyzed and quantitated by storage phosphor analysis with a Molecular Dynamics Storm 840. UL9-DNA complexes are expressed as a percentage of the total radioactivity and are corrected for background by subtracting the activity obtained in the absence of UL9.
ATPase Assay-ATP hydrolysis was determined using an enzymelinked assay as described previously (37) . Reactions were performed at 37°C and contained 20 mM EPPS-NaOH, pH 8.3, 4.5 mM MgCl 2 , 2 mM ATP, 200 M NADH, 1.5 mM phosphoenolpyruvate, 40 units/ml L-lactic dehydrogenase, 40 units/ml pyruvate kinase, 3 mM dithiothreitol, 100 nM UL9, 25 nM Hsp40 and Hsp70, and 250 nM ICP8, and 10 M (nucleotide) DNA cofactor as indicated. The absorbance at 340 nm was converted to moles of ATP hydrolyzed using an extinction coefficient of 6,220 M Ϫ1 cm Ϫ1 for NADH. DNA Helicase Assay-Assays were performed essentially as described previously (41) . Reactions were performed at 37°C and contained 25 mM EPPS-NaOH, pH 8.3, 5.5 mM MgCl 2 , 3 mM ATP, 3 mM dithiothreitol, 10% glycerol, 0.5 nM (molecules) M13:PB-9 substrate, and proteins as indicated. The reactions were terminated by the addition of 0.3 volumes of 90 mM EDTA, 6% SDS, 30% glycerol, 0.25% bromphenol blue, 0.25% xylene cyanol, and 0.6 mg/ml proteinase K followed by a 15-min incubation at 37°C. The reaction mixtures were resolved by electrophoresis through nondenaturing polyacrylamideTris-borate-EDTA gels. Following electrophoresis, the gels were dried onto DE81 paper (Whatman). The reaction products were analyzed and quantitated by storage phosphor analysis with a Molecular Dynamics Storm 840.
Potassium Permanganate Footprinting-Distortion of the A/T-rich region of oriS was detected by the susceptibility of unpaired thymines to oxidation by potassium permanganate (11) . Reactions (20 l) contained 20 mM EPPS-NaOH pH 8.3, 50 mM KCl, 10% glycerol, 5.5 mM MgCl 2 , 3 mM ATP, 100 nM Hsp40 and Hsp70, and UL9 as indicated. UL9 was preincubated in the absence or presence of Hsp40 and Hsp70. After 5 min at 37°C, 1 g of pGEM822 was added. Following a 15-min incubation at 37°C, KMnO 4 was added to 30 mM, and incubation continued for 3 min. The reactions were terminated by the addition of 2-mercaptoethanol to 1 M. DNA samples were purified using the Wizard DNA clean-up system from Promega. Primer PB-21 was annealed to alkalidenatured DNA. Primed DNA was labeled with 2.5 units of Sequenase Version 2.0 DNA polymerase in the presence of 0.4 M dCTP, dGTP, and dTTP and 25 M [␣-32 P]dATP for 5 min at room temperature. Subsequently, DNA products were extended with 75 M dNTP for 10 min at 37°C. The samples were resolved by 8 M urea, 5% polyacrylamide gel electrophoresis. The reaction products were analyzed and quantitated by storage phosphor analysis with a Molecular Dynamics Storm 840. The positions of primer extension products were compared with a sequencing ladder of PB-21-primed pGEM822.
RESULTS

Stimulation of the Origin Binding Activity of UL9 by Heat
Shock Proteins-An EMSA was used to examine whether Hsp40 and Hsp70 had an effect on the origin binding activity of UL9. Fig. 1A shows that the mobility of the 176-bp oriS-containing probe was retarded with increasing concentrations of UL9. Depending on the duration of electrophoresis, two discernible UL9-DNA complexes were detected (see also Figs. 2A and 5A). Based on previous studies, we believe these to be due to binding of UL9 first to the high affinity binding site box I followed by binding to box II (8, 10) . Consequently, the faster migrating UL9-DNA complex, which is formed at lower UL9 concentrations, is due to binding of UL9 to box I, while the slower migrating species, which is formed at higher UL9 concentrations, is due to binding of UL9 to both boxes I and II. Addition of Hsp40 and Hsp70 to the reactions led to efficient complex formation at lower concentrations of UL9. Careful resolution of the UL9-DNA complexes showed that HSPs did not affect the distribution of the two species (e.g. Fig. 2A) . Quantitation of the UL9-DNA complexes indicates that addition of HSPs reduced the amount of UL9 required for halfmaximal binding from ϳ200 to ϳ40 nM, a factor of ϳ5-fold (Fig.  1B) . Consequently, HSPs appear to increase the affinity of UL9 for the origin. Importantly, stimulation of the origin binding activity of UL9 was specific for HSPs since a concentration of BSA equivalent to that of total monomeric HSPs produced only a modest effect (ϳ2-fold), indicating that HSPs do not merely act by stabilizing the origin binding activity of UL9 (Fig. 1, C  and D) . However, addition of BSA enhanced the stimulation by HSPs, suggesting that nonspecific proteins contribute to the effect presumably by increasing protein stability (Fig. 1, C and   D) . Moreover, the data in Fig. 1 , C and D, indicate that HSPs stimulated the origin binding activity of UL9 with a probe (oriS*) that contains only a single recognition site (38) .
HSPs had no significant effect on the dissociation of UL9 from the origin. Fig. 2 shows that the half-life of the UL9-oriS complex in the absence or presence of HSPs was ϳ5 min at room temperature in the presence of 20-fold excess oriS* competitor. This finding supports the notion that HSPs serve to increase the association of UL9 with oriS. Fig. 3 shows that near-maximal stimulation of the origin binding activity of UL9 was achieved at a concentration of HSPs that was 50-fold lower than that of UL9 (1 nM Hsp40 and Hsp70 versus 50 nM UL9, assuming that protein determination was accurate), suggesting that HSPs act substoichiometrically. Curve-fit analysis showed that the concentration required for half-maximal stimulation was 0.6 nM HSPs. Moreover, HSPs were more effective in stimulating origin binding when preincubated with UL9 than if the proteins were added simultaneously or if UL9 was permitted to bind to the origin prior to addition of HSPs (data not shown).
The previous experiments were performed with equimolar Hsp40 and Hsp70. The experiment shown in Fig. 4 addresses the effect of each protein with 50 nM UL9. At this UL9 concentration, origin binding activity is far below saturation (see Fig.  1B ) and therefore allows detection of maximal stimulation. The data show that the major contributor to the stimulatory effect was Hsp40 with a small effect from Hsp70. Maximal stimulation was observed in the presence of both Hsp40 and Hsp70. Given the high degree of evolutionary conservation between HSPs, the action of equivalent concentrations of E. coli HSPs was compared with that of their human homologs. Interest- The activity is normalized with respect to that observed with UL9 alone (3% DNA bound). Column 1, UL9; column 2, UL9 and HSPs; column 3, UL9 and BSA; column 4, UL9, HSPs, and BSA.
FIG. 2.
HSPs have no effect on the stability of UL9-oriS complexes. A, EMSA was performed as described under "Experimental Procedures" with 50 nM UL9 in the absence or presence of 50 nM Hsp40 and Hsp70 as indicated. Ten minutes after addition of the probe, a 20-fold molar excess of oriS* DNA was added, and incubation continued at room temperature for the times indicated followed by immediate electrophoresis. The positions of free probe and of UL9-DNA complexes corresponding to binding of UL9 to box I (I) or to both boxes I and II (IϩII) are as indicated. B, quantitation of the UL9-DNA complexes shown in A formed in the absence (empty circles) or presence (filled circles) of HSPs. Given the stimulation elicited by HSPs, the values were normalized to the level prior to addition of competitor DNA. ingly, the stimulatory effects of the E. coli HSPs was similar to that of the human proteins with the major effect due to DnaJ and maximum stimulation produced by the combined action of DnaJ and DnaK. Moreover, E. coli GrpE, which has also been implicated in the initiation of and P1 replication (42, 43) , also stimulated the origin binding activity of UL9 and further increased the effect brought about by DnaJ and DnaK. Overall, depending on the concentration of UL9, Hsp70/DnaK stimulated origin binding activity ϳ2-fold, while Hsp40/DnaJ produced a 3-fold effect. The combined action of both Hsp70/DnaK and Hsp40/DnaJ stimulated binding up to 5-fold. As already shown in Figs. 1 and 3 , none of the HSPs alone or in combination exhibited any significant origin binding activity. As previously demonstrated, addition of ATP stimulated the origin binding activity of UL9 ϳ2-fold but had no effect on the stimulation by Hsp40 and/or Hsp70 (data not shown) (44) .
A number of techniques, including gel-filtration chromatography, glycerol-gradient sedimentation, and electron microscopy have been used to demonstrate that UL9 exists as a dimer in solution (3-6). HSPs have previously been shown to activate the initiator proteins of other systems by converting oligomeric species into monomeric protein (21, 45) . Consequently, it is possible that HSPs modulate the oligomerization state of UL9, thereby stimulating its origin binding activity. As a first attempt to address this possibility, the effect of HSPs on the origin binding activity of a monomeric UL9 deletion mutant (His⌬UL9) was examined. His⌬UL9 encompasses only the C-terminal origin-binding domain of UL9 and has been shown to be monomeric in solution (8) . If the function of HSPs is to monomerize UL9 to generate high affinity origin-binding protomers, His⌬UL9 should not be affected by HSPs and behave similarly to HSP-stimulated wild-type UL9. Fig. 5 shows that there was no effect of HSPs on the origin binding activity of His⌬UL9. His⌬UL9 reached half-maximal binding at ϳ10 nM, indicating that it binds to the origin with even higher affinity than wild-type UL9 stimulated by HSPs (Fig. 5B) .
HSPs Stimulate the Origin-dependent ATPase Activity of UL9 -The above experiments demonstrate that HSPs can enhance the binding of UL9 to the origin. To determine whether HSPs can stimulate the function of UL9 at the origin, their effect on the origin-dependent ATPase activity of UL9 was examined. The origin-containing DNA cofactor used in these experiments was oriS*, a putative intermediate in origin unwinding, that has previously been shown to act efficiently as a substrate for the origin binding and ATPase activities of UL9 (38, 46) . The data in Fig. 6A show that oriS* stimulated the ATPase activity of UL9. Importantly, addition of Hsp40 and Hsp70 significantly increased the ATPase activity of UL9 with oriS*. In contrast, there was no effect of HSPs on the DNAindependent ATPase activity of UL9. Moreover, under the specified reaction conditions, HSPs alone did not exhibit significant ATPase activity either in the absence or presence of oriS*. ICP8, the HSV-1-encoded single strand DNA-binding protein, has previously been shown to specifically stimulate the nonspecific ssDNA-dependent ATPase activity of UL9 (37, 41) . Fig.  6B shows that ICP8 also stimulated the origin-dependent ATPase activity of UL9. Consistent with the data in Fig. 6A , addition of HSPs to a reaction with UL9 and ICP8 further stimulated ATP hydrolysis (Fig. 6B) .
The effect of HSPs on the origin-dependent ATPase activity of UL9 was also examined in the presence of K ϩ , which is an essential cofactor for the ATPase activity of Hsp70 (47) . Interestingly, substitution of 50 mM NaCl with 50 mM KCl stimulated the activity of UL9 (Fig. 6B) . Likewise, KCl elicited a larger stimulation in the presence of ICP8 and HSPs (Fig. 6B) . However, the magnitude of the effect of HSPs was similar in the presence of NaCl or KCl, indicating that the main function of K ϩ was in stimulating UL9 and not for the effect of HSPs. Substitution of 50 mM NaCl with 50 mM KCl also led to 5.5-fold stimulation in the origin binding activity of UL9.
The increase in ATP hydrolysis observed in the presence of HSPs was probably due to the ATPase activity of UL9 rather than that of Hsp70 since at 25 M ATP, which is ϳ20-fold lower than the K m for ATP of UL9 (41) but sufficiently high to elicit near V max ATPase activity of Hsp70 (15) , the effect of HSPs on ATP hydrolysis was greatly reduced (Fig. 6C) .
There was no effect of Hsp40 and Hsp70 on the nonspecific ssDNA-dependent ATPase activity of UL9 (Fig. 7A) . Both in the absence and presence of HSPs the rate of ATP hydrolysis with (dT) 60 was 1.8 pmol/s. Similarly, HSPs did not affect the nonspecific DNA helicase activity of UL9 (Fig. 7B) . The findings that HSPs only stimulate origin-dependent activities but have no effect on the nonspecific activities of UL9 indicate that they do not merely act as chaperones to refold denatured protein.
FIG. 3. Stimulation of the origin binding activity of UL9 by
HSPs is catalytic. A, EMSA was performed as described under "Experimental Procedures" with 100 fmol of oriS* DNA, 50 nM UL9, and increasing concentrations of HSPs (1, 2.5, 5, 10, 20, 50, and 100 nM Hsp40 and Hsp70, respectively) as indicated. The reaction with HSPs alone contained 100 nM Hsp40 and Hsp70. The positions of free probe and of the UL9-DNA complex are as indicated. B, quantitation of the UL9-DNA complexes shown in A. The activity is normalized with respect to that observed with UL9 alone (2.6% DNA bound).
FIG. 4. Both human and E. coli
HSPs stimulate the origin binding activity of UL9 with the major contributor being Hsp40/ DnaJ. EMSA was performed as described under "Experimental Procedures" with 50 nM UL9 and 50 nM of the indicated human (solid bars) or E. coli (open bars) HSPs. Column 1, UL9; column 2, UL9 and Hsp40/ DnaJ; column 3, UL9 and Hsp70/DnaK; column 4, UL9, Hsp40/DnaJ, and Hsp70/DnaK; column 5, UL9 and GrpE; column 6, UL9 and DnaJ, DnaK, and GrpE; column 7, Hsp40/DnaJ; column 8, Hsp70/DnaK; column 9, Hsp40/DnaJ and Hsp70/DnaK; column 10, GrpE; column 11, DnaJ, DnaK, and GrpE.
HSPs Enhance the Opening of the Origin by UL9 -UL9 has previously been shown to bend and distort the origin as a first step in the unwinding process (5, 11, 12) . Distortion of the A/T-rich region in the origin may be detected by the susceptibility of unpaired bases to single strand-specific nucleases or reagents such as potassium permanganate, which oxidizes unpaired thymine residues thereby creating stop sites for a DNA polymerase in a primer extension assay (11) . Fig. 8A shows that there was no potassium permanganate sensitivity in the A/T-rich region in the absence of UL9 or with HSPs alone. However, increasing UL9 concentrations led to potassium permanganate-induced stop sites. Addition of Hsp40 and Hsp70 enhanced the UL9-dependent sensitivity of the A/T-rich region to potassium permanganate. Quantitation of the signal corresponding to the A/T-rich region indicates that HSPs induced their maximal effect (2.5-fold stimulation) at low UL9 concentrations at which the signal is not saturated (Fig. 8B) .
DISCUSSION
In the present work, we describe that Hsp40 and Hsp70 act catalytically and in concert to increase the affinity of UL9 for oriS. The major contributor to this effect is Hsp40. We also observe that HSPs stimulate the activities of UL9 at the origin FIG. 6 . HSPs stimulate the origin-dependent ATPase activity of UL9. ATP hydrolysis was measured as described under "Experimental Procedures." A, effect of HSPs on DNA-independent and origin-dependent ATP hydrolysis. Curve 1, UL9; curve 2, UL9 and HSPs; curve 3, HSPs. The arrow indicates the time at which oriS* DNA was added. B, origin-dependent ATP hydrolysis with 50 mM NaCl (curves 1, 3, and 5) or 50 mM KCl (curves 2, 4, and 6). Curves 1 and 2, UL9; curves 3 and 4, UL9 and ICP8; curves 5 and 6, UL9, ICP8, and HSPs. C, origin-dependent ATP hydrolysis with UL9, ICP8, and HSPs at 25 M (curve 1) or 2 mM (curve 2) ATP.
FIG. 7.
HSPs have no effect on the nonspecific ssDNA-dependent ATPase and DNA helicase activities of UL9. A, ATP hydrolysis was measured as described under "Experimental Procedures" with (dT) 60 cofactor. Curve 1, UL9; curve 2, UL9 and HSPs. B, DNA unwinding was measured as described under "Experimental Procedures." Empty circles, UL9; filled circles, UL9 and HSPs; filled triangle, HSPs. (origin-dependent ATPase and opening of the origin). It is unlikely that the stimulation by HSPs is merely the result of refolding of denatured UL9 since there was no effect of Hsp40 and Hsp70 on the origin-independent DNA helicase and ATPase activities of UL9. These findings illustrate a potential mechanism, similar to what has been described for plasmid P1 replication among others, whereby HSV-1 origin-dependent replication is regulated by the action of HSPs.
Plasmid P1 is a system in which the role of HSPs in origindependent initiation has been studied in great depth. In this system, the first regulatory step entails the dissociation of RepA dimers into active monomers by the action of E. coli Hsp40 (DnaJ) and Hsp70 (DnaK) homologs (21) . DnaJ, DnaK, and GrpE function in the initiation pathway of bacteriophage by releasing DnaB helicase from the initiation complex to enable unwinding of the origin (42) . In the case of oriC-dependent replication in E. coli, HSPs have been shown to play a multifaceted role. For example, DnaK prevents self-aggregation of the initiator protein, DnaA (45) .
Involvement of HSPs in the initiation of origin-dependent replication has recently been realized with eukaryotic viruses. Hence, in the case of SV40, efficient replication depends on the presence of a J-domain in large T antigen, which presumably serves in the assembly of a functional hexamer at the origin, and may be further aided by Hsp70 (25) . Similar to our findings, the origin binding activity of the HPV-11 initiator E1 is stimulated preferentially by Hsp40 and to a lesser extent by Hsp70 (24) . In fact, a peptide encompassing the J-domain of Hsp40 was sufficient in stimulating E1. Consequently, the J-domain of Hsp40 may also mediate interactions between Hsp40 and UL9.
By analogy to other replication systems, a possible mechanism by which HSPs stimulate UL9 may be by modulating its dimerization status, activating its binding to the origin by formation of monomers. This notion is supported by our finding that HSPs have no effect on the origin binding activity of a monomeric mutant UL9 that exhibits origin binding properties similar to those of HSP-stimulated wild-type UL9. The importance of the oligomerization status of initiator proteins was recently addressed with the plasmid initiator protein. In that study it was shown that monomers preferentially bound to the ␥ origin and facilitated opening of its A/T-rich region (48) . As previously mentioned, HSPs also play an active role in converting RepA dimers into active monomers and prevent aggregation of DnaA (21, 45) . In addition, the J-domain of Hsp40 was shown to induce the formation of double hexamers of E1 at the HPV-11 origin (24).
Our results indicate that origin opening (potassium permanganate sensitivity) is directly related to the amount of UL9 bound to the origin. Maximal stimulation of origin opening by HSPs was observed at low UL9 concentrations, indicating that the effect of HSPs on origin opening is secondary and that their main function is to increase origin binding. This notion is supported by our observation that, given the resolution of our assay, interactions between HSPs and UL9 affected neither the mobility of the UL9-DNA complexes nor their stability. Therefore, it is unlikely that the interactions between HSPs and UL9 affect the conformation of the initiator complexes once bound to the origin.
Since no specific induction of Hsp40 during HSV-1 infection has previously been reported, we do not know at this point whether Hsp40 actually participates in HSV-1 initiation in vivo. The stimulation of UL9 binding to the origin by E. coli DnaJ suggests that the functional interaction we observe is not limited to the inducible form of Hsp40 used in the present study. It is possible that different members of the Hsp40 family or other J-domain-containing proteins could fulfill this function in vivo. In any case, in light of the requirement for efficient viral replication of a J-domain in SV40 large T antigen and the stimulation of HPV-11 replication by the J-domain, it appears that Hsp40 may be a conserved theme in the replication of eukaryotic DNA viruses.
Our results implicate the direct participation of HSPs in the interaction of UL9 with the origins and thereby suggest a mechanism by which the initiation of viral replication may be regulated. We propose that our current results with the HSV-1 system corroborate previous findings with other eukaryotic viruses (SV40 and HPV-11) and may have general implications for the role of HSPs in the initiation of eukaryotic chromosomal replication as indicated by the interaction of Hsp70 with S. cerevisiae Orc4p (22) . Finally, it is noteworthy to mention that while the participation of host chaperones in the replication of SV40 and HPV-11 may not be unexpected, given their dependence on host enzymes, the proposed role of HSPs in herpesvirus replication is unexpected since this class of virus encodes it own DNA replication machinery. 
